Development of new materials for drug delivery and biosensing requires the fine-tuning of interfacial properties. We report here the influence of the poly(ethylene glycol) (PEG) grafting density in model phospholipid monolayers on the adsorption behavior of bovine serum albumin and human fibrinogen, not only with respect to the amount of adsorbed protein, but also its orientational ordering on the surface. As expected, with increasing interfacial PEG density, the amount of adsorbed protein decreases up to the point where complete protein repellency is reached. However, at intermediate concentrations, the net orientation of adsorbed fibrinogen is highest. The different proteins respond differently to PEG, not only in the amount of protein adsorbed, but also in the manner that proteins adsorb. The results
Introduction
Whenever materials come in contact with biological systems, adsorption of proteins on their surface occurs. Therefore, in the development of drug nanocarriers, biosensors or anti-biofouling coatings, protein resistant surfaces play an important role to prevent nonspecific protein adsorption. [1] [2] [3] [4] [5] A common approach to obtain protein repellent, or so-called anti-fouling, coatings relies on the use of hydrophilic or zwitterionic materials. [6] [7] [8] Among these materials poly(ethylene glycol) (PEG) is a widely used and thoroughly studied hydrophilic protein repelling polymer. 9 Surfaces that make use of different PEGylation strategies, namely block copolymers, [10] [11] [12] self-assembled monolayers on gold [13] [14] [15] or phospholipids, [16] [17] [18] have been widely used to control, localize or entirely prevent protein adsorption. In the past, various factors, such as PEG grafting density, chain length and its molecular conformation, have been studied with respect to their influence on the protein adsorption behavior. 14, 15, [19] [20] [21] [22] [23] [24] While for many biomaterial applications a completely proteinrepelling surface is often desired, for biosensing and drug delivery, it is more important to control the type of protein adsorbed and to tune the surface orientation in the bound state. 15 It has been shown recently that controlled binding of proteins on nanoparticle surfaces can help to prevent nonspecific cellular uptake and prolong the blood circulation lifetime of drug nanocarriers. 25 The ability to also order the adsorbed proteins might then favor the uptake by the targeted cells. Naturally, also in the case of biosensors, having access to specific binding sites of the protein is desirable. 26 In this work we study the influence of PEG concentration in mixed 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE) and 1,2-dimyristoyl-sn-glycero-3-phosphoethanol-amine-N-[methoxy-(polyethylene glycol)-2000] (DMPE-PEG2000) phospholipid monolayers on both the amount and the orientational ordering extent of the adsorbed proteins. We have chosen bovine serum albumin (BSA) and human fibrinogen (Fbg) as model systems to track the impact of PEG density on the order of large proteins. BSA and Fbg have been chosen as representative proteins in the field because of their relevance for biomedical research. Albumin is the most abundant among blood proteins, and fibrinogen plays an important role in blood coagulation and appears to have a higher affinity to the surface of PEGylated drug nanocarriers. 25 The two proteins are very different in terms of size (BSA B66 kDa and Fbg B340 kDa) and (tertiary) structure (globular for BSA vs. rod-like for Fbg). The results presented here show that the PEG density not only affects the amount of adsorbed protein, but in the case of Fbg also strongly influences the protein orientation at the surface.
In our study, we employ vibrational sum-frequency generation (SFG) spectroscopy to directly probe the protein backbone at the surface. SFG is a second-order nonlinear optical process that, in the electric dipole approximation, is forbidden in centrosymmetric media and is only allowed wherever the centrosymmetry is broken. This makes SFG spectroscopy a surface sensitive method while it is generally insensitive when used in bulk solutions. In SFG spectroscopy a spectrally broad infrared (IR) pulse and a spectrally narrow visible (VIS) laser pulse are overlapped in time and space at the interface of interest. Chemical information on presence and orientation of functional groups on a molecular level can be obtained if the IR beam is in resonance with a vibrational mode of the surface molecules. SFG spectroscopy is well suited to study proteins at interfaces. [27] [28] [29] In the past SFG spectroscopy has frequently been used to investigate the hydration of PEGylated surfaces in presence or absence of proteins in the subphase. [30] [31] [32] [33] [34] [35] [36] [37] Moreover, there are several in situ studies probing the water structure or protein backbone in the amide I region after adsorption on hydrophobic or hydrophilic surfaces. 28, [38] [39] [40] [41] [42] [43] [44] Understanding the interaction of proteins with PEGylated surfaces plays an important role e.g. for the functionalization of nano drugcarriers or the design of biosensing devices. However, despite the broad use of PEG little is known about the molecular adsorption geometry of proteins at the surface. Here, we use surface sensitive SFG spectroscopy to in vivo study the protein adsorption on PEGylated surfaces with respect to both the amount of adsorbed protein and its orientational ordering. More in general this study highlights how a suite of different techniques can be used to obtain information on the adsorption of proteins on (soft) surfaces quite often a challenging issue because of their small number compared to the ones present in bulk solution.
Experimental
In our experiments we employ a reflection geometry setup as shown in Fig. 1a in combination with a translating Langmuir trough 45 to collect the amide I SFG signal from the proteins adsorbed at the monolayer/PBS (phosphate buffered saline solution) interface. All spectra in this work are taken in ssp (s-polarized SFG signal, s-polarized VIS-beam and p-polarized IR-beam) polarization combination with an accumulation time of 10 minutes. Contemporaneously with the SFG measurements surface pressure measurements are performed.
The phospholipid monolayer at the air/PBS interface is composed of DMPE and DMPE-PEG2000 as shown in Fig. 1b . Both phospholipids are used as received and a Langmuir trough is used to prepare the monolayers. Phospholipid mixtures containing 0, 1, 5 and 10 mol% DMPE-PEG2000 have been prepared. The lipids are spread at the air/PBS interface and compressed to an initial surface pressure of 20 mN m À1 . From a comparison of the pressure-area isotherms ( Fig. S1 in the ESI †) with literature [46] [47] [48] it is possible to conclude that at this value of the surface pressure the monolayers are in the liquidcondensed phase. BSA, Fbg and PBS tablets are used as received. All samples have been prepared in PBS solutions (pH = 7.4) and all the experiments conducted at a temperature of 22 AE 1 1C. Further details on the Materials and methods can be found in the ESI. †
Results and discussion
For the SFG experiments the lipids mixtures containing 0-10 mol% of DMPE-PEG2000 are spread on a PBS subphase and compressed. After an initial surface pressure of 20 mN m À1 is reached, SFG spectra are collected, to study the order of the lipid monolayer, as shown in Fig. 2 . A peak at B1735 cm À1 , assigned to the carbonyl stretch vibration of the lipids, is present in all spectra. In general, the SFG signal intensity depends not only on the number of probed molecules, but also on their orientation. 49 As can be seen in Fig. 2 , the intensity of this peak decreases upon addition of DMPE-PEG2000 into the monolayers. Since in the present study the average area per molecule, and therefore the total number of probed molecules, in the monolayers is kept constant, the observed decrease suggests that an increase in the concentration of PEGylated lipids induces orientational disorder in the monolayer that in turn results in a decrease in the SFG signal. This increased disorder can be caused by PEG-lipid, PEG-water and/or PEG-PEG interactions. In fact, it is known that these interactions roughen the monolayer surface, especially when PBS is present in the subphase, 50 as also apparent in Brewster angle microscopy images of the monolayers (see Fig. S2 in the ESI †). Fig. 3 shows the SFG spectra of the different monolayers with subphases containing different protein solutions, namely BSA (panel a) and Fbg (panel b). SFG spectra in absence of proteins (open symbols), recorded immediately prior to injecting a small volume of a highly concentrated protein solution into the subphase, are shown for comparison. The final protein concentration in the subphase amounts to 0.1 mg ml À1 . From Fig. 3a it is apparent that, in absence of PEG in the monolayer, an additional peak centered at B1660 cm À1 arises in the spectrum in presence of BSA (for a zoom-in see Fig. S3 in the ESI †). This peak -related to the a-helical components in the protein secondary structure 51 is a clear indication that the protein adsorbs to the monolayer. 52 This amide I peak is also clearly visible with 1 mol% PEG present in the monolayer. Further increase of the PEG concentration in the mixed monolayer to 5 or 10 mol%, completely suppresses the amide I signal of BSA, as expected for fully PEGylated surfaces. The actual PEG grafting density needed in order to obtain a completely protein repelling surface can actually differ depending on the PEG chain length. It has been shown in literature, that the PEG size strongly influences its conformation for a given grafting density. 15, 16, 24 As theoretically and experimentally shown, longer PEG chains are already protein resistant at lower mole fractions. 9, 14 For our study we chose an intermediate chain length, namely PEG2000, since it is commonly used for nanoparticle functionalization and in PEGylated liposomes. 18, 25, 53 The small SFG signal present in the amide I region for the mixed monolayer with 5 mol% DMPE-PEG2000, is a feature sometimes observed, even in absence of proteins, and is most likely caused by a contribution from the water bending mode. However, below we will consider differential spectra with and without protein, so that this is not a problem (for further details see Section SIIB and Fig. S4 in the ESI †). SFG is very sensitive to protein symmetry and orientation and it is important to test whether the observed SFG signal changes are due to changes in the amount or the orientation of proteins at interfaces. To independently confirm BSA binding, we measure the surface pressure simultaneously with the SFG spectra, as shown in Fig. 4 . While SFG reports on both amount and order, surface pressure is primarily sensitive to the amount and can be used to disentangle the SFG information related to orientation. The relative increase in surface pressure after the injection of BSA into the subphase diminishes gradually when the amount of PEGylated phospholipids present in the monolayer increases. This indicates, in line with the reported properties of PEG, that less BSA adsorbs to the surfaces with higher PEG content. 13, 14, 24 While the surface pressure for Fbg ( Fig. 4) behaves similarly to that observed for BSA, SFG spectra reveal a different trend when Fbg interacts with the monolayer as shown in Fig. 3b . As for BSA, upon addition of Fbg into the subphase of the pure DMPE monolayer, a weak additional amide I peak at B1660 cm À1 is detectable, and is attributed to the a-helical components of the protein structure. 54 However, the interaction of Fbg with the monolayer containing PEG is drastically different to that observed for BSA. In fact, the intensity of the amide I peak from Fbg increases with higher PEG content, as can be seen from the mixed monolayer with 1 and 5 mol% DMPE-PEG2000. Only when the PEG concentration in the monolayer is further increased to 10 mol% the protein adsorption to the surface can be suppressed, leading to a situation where the SFG spectrum remains unchanged upon Fbg injection into the subphase. Fig. 5 shows the integrated amide I SFG intensity, obtained by integrating between 1615 cm À1 and 1700 cm À1 the difference spectrum in presence and absence of protein. From this graph it is apparent that the amide I signal from BSA continuously decreases with increasing PEG concentration in the mixed monolayer system. In contrast, Fbg shows an increase in the amide I signal up to B5 mol% DMPE-PEG2000 before it vanishes for 10 mol% in the monolayer, indicating that there is a sweet spot around 5 mol% where the amide I SFG signal from Fbg is strongest. This observation for Fbg is somewhat unexpected as PEG is supposed to suppress protein adsorption, and as a consequence, the amide I signal is expected to decrease continuously with increasing PEG concentration. Indeed, from the surface pressure measurements in Fig. 4 we can conclude that the amount of adsorbed Fbg decreases when increasing the percentage of PEG in the monolayer, similarly to what observed for BSA and in agreement with reports in literature. 13, 14, 24 In fact, to explain this apparent contradiction, a larger SFG signal for apparently fewer proteins adsorbed at the interface, one has to note that the SFG signal intensity depends not only on the number of probed molecules, but also on their orientation. Consequently, the increase in the amide I signal intensity from Fbg at intermediate PEG concentrations (o10 mol%) in the monolayer can only be explained by an increased net orientation of the adsorbed proteins.
Apart from a change in the net orientation of the proteins at the surface, the increased SFG signal intensity could potentially also be explained by a change of the protein conformation. Therefore, the question arises to what extent BSA and Fbg remain in their native states when adsorbed to the PEGylated lipid surfaces. The secondary structure of BSA and Fbg is not changing significantly for different PEG concentrations since the amide I spectra are very similar for all concentrations (Fig. 3 and Fig. S5 in the ESI †). However, at surfaces, structural changes often occur in the tertiary structure where helices, turn and sheet structures change their relative orientations. 55 A more detailed picture of surface conformation can be obtained using a recently developed method where the experimental SFG data are connected to protein structures by theoretical SFG spectra calculated from the PDB structure files. 56, 57 Structure files based on PDB entries 4F5S 51 and 3GHG 54 in combination with lipid headgroups were used to calculate the BSA and Fbg spectrum, respectively. Further details about the calculation procedure are summarized in the ESI. † The calculated spectra are shown in Fig. 6 along with the measured SFG spectra. The calculated spectra capture the center positions and the spectral shape of the experimental protein and lipid peaks very well. It is important to note that besides an overall amplitude scaling factor, no adjustable parameters were used when comparing the experiments with the calculations. The general agreement between the two clearly shows that the structures of BSA and Fbg are likely preserved when binding to the PEGylated lipid layer (see ESI, † Fig. S6 and S7 ) and is consistent with Fbg laying mostly flat on the surface. While bending like that suggested by Clark et al. 39 upon adsorption of Fbg on aliphatic poly(ether urethane) cannot be ruled out, we do not have any experimental evidence of such change in conformation and thus decided to stick to the conformation of the crystalline structure as it returns a calculated spectrum in good agreement with our experimental data. Previous studies, using dual polarization interferometry on a similar system, also found that Fbg lies flat on the surface. 22 Stable binding of native structures also at low PEG concentration differs from an earlier report by Michel et al., who found that BSA and Fbg denature at low PEG concentrations. 20 The difference is likely explained by two factors: (i) the earlier study used ultra-high vacuum methods to probe protein folding, while in this work we use a hydrated interface, and (ii) the surface underlying the PEG layer in ref. 20 was charged while the present study uses an uncharged, polar chemistry.
These results suggest that PEG not only acts as a protein repelling material, but, depending on the protein, can also influence the adsorption geometry. Moreover, Fbg seems to have a stronger tendency to interact with the PEGylated surfaces compared to BSA: when B5 mol% PEG is present in the monolayer a change in surface pressure is still detectable for Fbg but not for BSA. This is also in good agreement with the observations by Schöttler et al. where it has been found that similar amounts of Fbg and human serum albumin are present in the protein corona of PEGylated polystyrene nanoparticles, even though albumin is B90 times more abundant in human blood than Fbg. 25, 58, 59 
Conclusions
In conclusion, we have shown that PEG does not simply act as a protein repelling material, but can interact differently with different proteins and strongly influence their orientation upon adsorption. Moreover, upon interaction with Fbg the properties of the PEGylated surface can be tuned through three different states: first the state of maximum protein adsorption in complete absence of PEG, second a state of maximum protein orientation at intermediate coverage, and finally a protein repelling state at PEG concentrations above 10 mol%. In contrast, PEG seems to act as a purely repelling material for BSA, indicating the possible influence of the protein structure, globular in case of BSA and more elongated for Fbg, in determining the interactions with the surface functional groups as they might change configuration from mushroom-like, at low PEG concentration, to brush at higher concentrations. 16 These findings can be exploited in the design of surfaces for biomedical applications. A deeper understanding of protein adsorption on functionalized surfaces clearly requires further characterization of adsorption not only in terms of adsorption quantity, but also in terms of adsorption orientation and conformation of the proteins at the surface.
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